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R etrograde cerebral perfusion (RCP) was first usedas a method to flush out massive air embolism dur-
ing cardiopulmonary bypass (CPB).1 One decade ago,
this method was introduced as a means to improve cere-
bral protection during hypothermic circulatory arrest
(HCA).2 Since then, RCP has been adopted with great
enthusiasm, especially for operations of the aortic arch.
The most ardent proponents of RCP are convinced that
this method is effective in reducing embolic injury and
in prolonging the permissible period of HCA.3 Many
clinical reports support these hypotheses, providing evi-
dence of improved neurologic outcome after the use of
RCP.4-6 However, at the same time, there exists much
evidence that RCP per se seems to carry an increased
risk of perfusion-induced cerebral injury, especially if
high perfusion pressures are used.7-9 Therefore it is
clear that the details of RCP implementation are very
Background: Previous studies have shown that retrograde cerebral perfusion
can improve neurologic outcome after prolonged hypothermic circulatory
arrest. Here we have compared two temperatures of retrograde cerebral per-
fusion (15°C and 25°C) with hypothermic circulatory arrest at systemic
hypothermia of 25°C to clarify whether the possible benefit of retrograde
cerebral perfusion may only be due to improved cooling effect.
Methods: Eighteen pigs (23-27 kg) were randomly assigned to undergo
15°C retrograde cerebral perfusion at systemic hypothermia of 25°C,
25°C retrograde cerebral perfusion at 25°C systemic hypothermia, or
hypothermic circulatory arrest at 25°C for 40 minutes. Flow was adjusted
to maintain superior vena cava pressure at 20 mm Hg during retrograde
cerebral perfusion. Hemodynamic, electrophysiologic, metabolic, and
temperature monitoring were performed until 4 hours after the start of
rewarming. Daily behavioral assessment was done until death or until the
animals were killed on day 7. Histopathologic analysis of the brain was
carried out on all animals.
Results: Epidural temperatures were lower in the 15°C retrograde cerebral
perfusion group during the intervention (P < .05). In the 15°C retrograde
cerebral perfusion group, 4 (67%) of 6 animals survived for 7 days compared
with 3 (50%) of 6 in both the 25°C retrograde cerebral perfusion and
hypothermic circulatory arrest groups. The median total histopathologic
score was 5 in the 15°C retrograde cerebral perfusion group and 7 in the
25°C retrograde cerebral perfusion group (P = .04).
Conclusions: These findings suggest that enhanced cranial hypothermia is
the major beneficial factor of retrograde cerebral perfusion when careful
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IS MAINTAINED CRANIAL HYPOTHERMIA THE ONLY FACTOR LEADING TO IMPROVED OUTCOME
AFTER RETROGRADE CEREBRAL PERFUSION? AN EXPERIMENTAL STUDY WITH A CHRONIC
PORCINE MODEL
critical to provide benefit without inducing damage
from the cerebral edema. According to current infor-
mation, the use of RCP for cerebral protection during
HCA is safe when flow rates and central venous pres-
sures are maintained at relatively low levels.10 This
raises the question that the apparent superiority of RCP
compared with HCA may be due to an improved cool-
ing effect. This mechanism is supported by the fact that
RCP provides only a small percentage of the nutrient
flow necessary to sustain cerebral metabolism, even in
the presence of deep hypothermia.11
We have been studying RCP in a chronic porcine
model in which the metabolic and physiologic conse-
quences of different interventions can be evaluated dur-
ing operation and the possible cerebral injury can be
assessed by means of electrophysiologic recovery,
behavioral evaluation, and histopathologic examination
after the animals are killed 1 week postoperatively. Our
studies have thus far indicated that cold RCP may
enhance cerebral protection during prolonged HCA
when compared with HCA alone, even when the head
is packed in ice.12 In the current study we have com-
pared two temperatures of RCP (15°C and 25°C) with
HCA at systemic hypothermia of 25°C to clarify
whether the possible benefit of RCP may be due to an
improved cooling effect.
Materials and methods
Eighteen female juvenile (8-10 weeks) pigs of a native
stock, weighing 23 to 27 kg, were randomly assigned to
undergo 40 minutes of one of the following procedures at
25°C systemic hypothermia: RCP(15°C), RCP(25°C), and
HCA alone.
Preoperative management. All animals received humane
care in accordance with the “Principles of Laboratory Animal
Care” formulated by the National Society for Medical
Research and the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal
Resources and published by the National Institutes of Health
(National Institutes of Health publication No. 85-23, revised
1985). The study was approved by the Research Animal Care
and Use Committee of the University of Oulu.
Anesthesia and hemodynamic monitoring. Anesthesia
was induced with ketamine hydrochloride (10 mg/kg admin-
istered intramuscularly) and midazolam (1 mg/kg adminis-
tered intramuscularly), and muscular paralysis was main-
tained with pancuronium (0.1 mg/kg administered
intravenously). After endotracheal intubation, the animals
were maintained on positive-pressure ventilation with 100%
oxygen; anesthesia was maintained with isoflurane (1.1%-
1.2%). The arterial catheter was positioned in the left femoral
artery. A thermodilution catheter (CritiCath, 7F; Ohmeda
GmbH & Co, Erlangen, Germany) was placed through the
femoral vein to allow blood sampling, pressure monitoring in
the pulmonary artery, and recording of cardiac output. The
intracranial temperature probe was placed trough a drill hole
in the epidural space positioned 1 cm to the right side from a
sagittal joint above a parietal line. Other temperature probes
were placed in the esophagus and rectum, and a 10-Ch nela-
ton catheter (Braun Melsungen AG, Melsungen, Germany)
was placed in the urinary bladder.
Electroencephalography monitoring. Cortical electrical
activity was registered from 4 stainless steel screw electrodes
(5 mm in diameter) implanted in the skull over the parietal
and frontal areas of the cortex by using a digital electroen-
cephalography (EEG) recorder (Nervus, Reykjovik, Iceland)
and an amplifier (Magnus EEG 32/8, Reykjovik, Iceland).
Sampling frequency was 1024 Hz, with a bandwidth of 0.03
to 256 Hz. All EEG recordings were referenced to a frontal
screw electrode, which, together with a ground screw elec-
trode, was implanted over the frontal sinuses. Continuous
EEG activity was recorded for 10 minutes in anesthesia
before the cooling period (baseline) and after intervention
until 4.5 hours. During anesthesia, the EEG showed a burst-
suppression pattern. Thus the recovery of the EEG was mea-
sured by the EEG burst ratio, which was calculated as the
summation of burst lengths divided by the length of the
recording.
Cardiopulmonary bypass. A right thoracotomy in the
fourth intercostal space was performed, the right thoracic
artery and azygous vein were ligated, and the hemiazygos
vein was snared. The superior vena cava (SVC) was mobi-
lized. A membrane oxygenator (Midiflow D 705; Dideco,
Mirandola, Italy) was primed with 1 L of Ringer acetate and
heparin (5000 IU). After heparinization (300 IU/kg), the
ascending aorta was cannulated with a 16F arterial cannula,
and the right atrial appendage was cannulated with a single
24F atrial cannula. Nonpulsatile CPB was initiated at a flow
rate of 100 mL · kg–1 · min–1, and the flow was adjusted to
maintain 50 mm Hg of perfusion pressure. A 12F intracardial
sump cannula was positioned into the left ventricle for
decompression of the left side of the heart during CPB. A
heat exchanger was used for core cooling. The pH was main-
tained, by using alpha-stat principles, at 7.40 ± 0.05, with an
arterial carbon dioxide tension of 3.5 to 4.0 kPa uncorrected
for temperature. All measurements were performed at 37°C.
The cooling period of 50 minutes was carried out to attain
both rectal and epidural temperatures at 25°C. The ascending
aorta was crossclamped just proximal to the aortic cannula.
Cardiac arrest was induced by injecting potassium chloride (1
mEq/kg) to the aortic cannula, and topical cardiac cooling
was used throughout the aortic crossclamp period.
Experimental protocol. After aortic crossclamping, the
blood volume was drained from the venous line into the
reservoir. The animals underwent a 40-minute interval of
HCA or 5 minutes of HCA following 35 minutes of
RCP(15°C) or RCP(25°C), as dictated by the randomization
protocol. Head packing in ice was not used in any of the
groups.
Preparations for RCP involved inserting an 18F cannula into
the SVC, advancing it as cranially as possible, snaring it in
place, and connecting it to the arterial line with a Y connector.
The inferior vena cava (IVC) was not occluded. Retrograde
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flow was slowly increased and regulated to attain an SVC
pressure of 20 mm Hg. In the RCP groups perfusate returning
from the upper body to the ascending aorta was drained to the
collecting chamber and returned to the pump once its volume
had been measured. The amount of sequestered blood volume
was calculated as the difference between the reservoir volume
at the beginning and the end of RCP.
After 40 minutes, rewarming was initiated, the SVC and
the left ventricular vent cannulas were removed, and the
snared hemiazygos vein was released. Weaning from CPB
occurred approximately 60 minutes after the start of rewarm-
ing with administration of furosemide (40 mg), mannitol
(15.0 g), methylprednisolone (80 mg), and lidocaine (40-150
mg). Cardiac support was provided by dopamine. Animals
were kept in isoflurane anesthesia until the following morn-
ing, extubated, and moved into a recovery room.
During the experiments, hemodynamic and metabolic
measurements were recorded at 5 different time points as
follows: (1) at baseline, after the thermodilution catheter was
positioned; (2) at the end of cooling, at 25°C; (3) during
rewarming, at 30°C; (4) 2 hours after the start of rewarming;
and (5) 4 hours after the start of rewarming.
Postoperative evaluation. Postoperatively, all the animals
were evaluated daily by using a species-specific quantitative
behavioral score, as reported earlier.9 The assessment quanti-
fied mental status (0 = comatose, 1 = stuporous, 2 = depressed,
and 3 = normal), appetite (0 = refuses liquids, 1 = refuses
solids, 2 = decreased, and 3 = normal), and motor function (0
= unable to stand, 1 = unable to walk, 2 = unsteady gait, and
3 = normal). Numerical summing of these functions provides
a final score; a score of 9 reflects apparently normal neuro-
logic function, whereas lower values indicate substantial neu-
rologic damage. Each surviving animal was electively killed
on day 7 after surgery. The entire brain was immediately har-
vested and weighed for subsequent histologic analysis.
Histopathologic analysis. During autopsy, the hemi-
spheres were cut apart. One half was immersed in 10% neu-
tral formalin and allowed to fix for 2 weeks en bloc.
Thereafter, 3-mm thick coronal samples were sliced from the
frontal lobe, thalamus (including the adjacent cortex), and
hippocampus (including the adjacent brain stem and tempo-
ral cortex), and sagittal samples were taken from the posteri-
or brain stem (medulla oblongata and pons) and cerebellum.
The pieces were fixed in fresh formalin for another week.
After the fixation, the samples were processed as follows:
rinsing in water for 20 minutes and immersion in 70%
ethanol for 2 hours, in 94% ethanol for 4 hours, and in
absolute ethanol for 9 hours. Thereafter, the pieces were kept
for 1 hour in an absolute ethanol-xylene mixture and 4 hours
in xylene and embedded in warm paraffin for 6 hours. The
samples were sectioned at 6 µm and stained with hema-
toxylin and eosin stain. The sections of the brain samples of
each animal were screened by a single experienced senior
pathologist (J.H.) who was unaware of the experimental
design and the identity and fate of individual animals. Each
section was carefully investigated for the presence or absence
of any hypoxic or other damage.
Visual estimation of the injuries in the sampled regions was
made as follows: 0 indicates no morphologic damage identi-
fied; 1 indicates edema, occasional dark neurons, or both; 2
indicates numerous dark neurons (often also shrunk) and
eosinophilic or dark-shrunk cerebellar Purkinje cells or hem-
orrhages; and 3 indicates clearly infarctive foci with neofor-
mation of capillaries and the presence of macrophages and
glial reactions.
To allow semiquantitative comparisons between the ani-
mals, a total histologic score was calculated by adding all the
regional scores. A score of more than 4 means that the animal
had a distinct brain injury.
Other measurements. Systemic arterial and venous blood
samples were obtained to determine pH, oxygen tension, car-
bon dioxide tension, oxygen saturation, oxygen content, and
hematocrit, hemoglobin, and glucose levels (Ciba-Corning
288 Blood Gas System; Ciba-Corning Diagnostic Corp,
Medfield, Mass). Lactate was analyzed by using a YSI 1500
analyzer (Yellow Springs Instrument Co, Yellow Springs,
Ohio). Hemodynamics, temperatures, and respiratory gases
were monitored by using the Datex AS/3 anesthesia monitor
(Datex Inc, Espoo, Finland).
Statistical analysis. Summary statistics for continuous or
ordinal variables are expressed as the median with interquar-
tile range (IQR; 25th and 75th percentile). The analyses were
performed by using 2-way analysis of variance. Comparison
between relevant time points and baseline (reference catego-
ry) was performed by using the paired samples t test or the
Wilcoxon matched pairs signed rank test. Differences
between groups were determined by t tests or the Mann-
Whitney U test. The multiple comparison problem was con-
trolled by means of the Bonferroni method. To determine cor-
relation between histopathologic score and epidural
temperature at the end of the HCA, Kendall’s (τ) correlation
coefficient was used. The levels of statistical significance
should be interpreted with caution, given the large number of
statistical tests performed. Analyses were performed by using
a standard, commercially available, statistical program (SPSS
9.0; SPSS Inc, Chicago, Ill).
Results
Physiologic data
Comparability of experimental groups. The median
weight of the animals was 25 kg (IQR, 24–27 kg) in the
HCA group, 25 kg (IQR, 25–26 kg) in the RCP(15°C)
group, and 24 kg (IQR, 23–25 kg) in the RCP(25°C)
group (P > .2). The median cooling time was 49 min-
utes (IQR, 45–54 minutes) in the HCA group, 53 min-
utes (IQR, 45–63 minutes) in the RCP(15°C) group,
and 54 minutes (IQR, 50–58 minutes) in the
RCP(25°C) group (P > .2). The median rewarming
times were, respectively, 64 minutes (IQR, 60–68 min-
utes), 63 minutes (IQR, 50–72 minutes), and 64 min-
utes (IQR, 47–71 minutes) (P > .2).
Epidural temperatures were lower in the RCP(15°C)
group in every recording point beginning 10 minutes
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after the onset of the intervention (P < .05). This dif-
ference was found to be increased through the inter-
vention. Rectal temperature showed some drift upward
from baseline in every group (Fig 1). 
Hemodynamic data. All animals were stable before,
during, and after CPB. There were no significant dif-
ferences in hemodynamic measurements between the
groups (Table I).
Blood gas and hematocrit measurement. The
RCP(15°C) group had a decrease in pH at 2 hours after
the start of rewarming when compared with baseline (P
= .03), but differences between the groups were not
seen. The hematocrit level decreased during the RCP
period in both RCP groups (Table II).
Metabolic data. The venous lactate levels increased
after intervention in every group, but there were no sig-
nificant differences between the groups (Table III). The
oxygen extraction and consumption did not differ
between the groups (Table IV).
Retrograde flow. There were no differences in SVC
inflow, aortic arch return, and volume of blood seques-
tration during the intervention between the two RCP
groups (Table V).
Morbidity and mortality. All animals were stable
during the procedures and survived to the first postop-
erative day. Ten (55%) of the 18 animals survived until
7 days after surgery and were electively killed. In the
RCP(15°C) group, 4 (67%) of 6 animals survived for 7
days compared with 3 (50%) of 6 in both of the other
two groups (P > .2).
Behavioral outcome. The results of behavioral
scoring for all 3 groups are shown in Fig 2. Animals
that died early were given a score of zero beginning
at the time of death. Complete behavioral recovery
was seen in 3 of 6 after RCP(15°C) compared with
none in the other 2 groups. Among the animals that
survived for 7 days, the median behavioral score was
lower in animals after RCP(15°C) compared with
RCP(25°C) or HCA (P = .02 and P = .03, respec-
tively).
Histopathologic observations. The microscopic
investigations were carried out in 18 brains, and the
raw data are given in Table VI. The most striking
findings were tiny hemorrhages or extravasations
(both scored as 2), which were mostly located in the
deeper axonal layer (white matter). There were no
glial or macrophage reactions around the hemor-
rhages. The bleeding could thus be fresh or 1 week
old. Small infarctions (scored as 3) were seen in the
frontal cortex in 3 pigs after RCP(25°C) and one in
the thalamus of the animal after HCA. The lesion
contained macrophages, macroglial reactions, and
new capillaries, indicating old damage. Hemorrhage
was not present in these lesions. Dark neurons, which
in some cases were also shrunk, were considered as a
slight sign of injury (scored as 1) when no necrotic
foci or hemorrhages were observed. Histopathologic
scoring of the cerebellum was lower in the
RCP(15°C) group than in the RCP(25°C) group (P =
.01; Table VI).
The total histopathologic score varied between 1 and
10. As seen in Fig 3, the scores in the RCP(15°C) group
were significantly lower than those found in the
RCP(25°C) group (P = .04). The scores in the
RCP(15°C) group tended to be lower than those found
in the HCA group (P = .1). The epidural temperature at
the end of intervention was found to be positively cor-
related with the total histopathologic score (τ = 0.27, P
= .07; Fig 4).
EEG. EEG bursts were recovered significantly better
in the RCP(15°C) group at 3 hours after the start of
rewarming than in the HCA group (P = .05), but a
regression was seen half an hour later. After this, bursts
recovered similarly in both RCP groups, although they
were slightly slower in the HCA group (Fig 5).
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Fig 1. Epidural temperatures of 18 pigs undergoing 40-
minute periods of either HCA at a systemic temperature of
25°C or RCP with 25°C or 15°C perfusate. Values are shown
as medians with IQRs.
Discussion
The major findings of the present studies were dis-
tinctly better neurophysiologic, neurologic, and
histopathologic outcome in animals undergoing
RCP(15°C) compared with RCP(25°C), and there
tended to be a difference compared with 25°C HCA.
The animals in the RCP(15°C) group had lower
epidural temperatures during the intervention than
those in both the RCP(25°C) and 25°C HCA groups,
which may have contributed to their improved out-
come. We believe that the better temperature control is
the only factor leading to improved outcome because
animals undergoing RCP(25°C) did not have a better
outcome compared with HCA animals. Head packing
in ice was not used in this study. These findings sug-
gest that nutrient RCP flow was not generated in ani-
mals undergoing RCP(25°C) in the present experi-
ments.
Total histopathologic and cerebellum scores in the
RCP(15°C) group were lower than those found in the
RCP(25°C) group. Brain infarctions were seen in 3 ani-
mals after RCP(25°C) and in 1 after HCA, although
they were found in none after RCP(15°C). It can be
speculated that the most severe infarctions had no time
to develop in animals who died at the first day after the
operation. The rates of early deaths did not differ
between the groups, and therefore it is hard to believe
that the central observation of this study might have
been interpreted differently if histopathologic values
were recorded on day 7 in each animal.
It is very difficult to study RCP experimentally
because there exist several differences in anatomy and
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Table I. Hemodynamic data in 18 pigs undergoing 40-minute periods of HCA, RCP(15°C), or RCP(25°C)
After start of rewarming
Baseline End of CPB cooling 
Group n (37°C) (25°C) 30°C 2 h 4 h
MAP (mm Hg)
HCA 6 78 (68-87) 54 (50-55) 56 (50-55) 61 (55-65) 68 (67-70)
RCP(15°C) 6 82 (73-92) 55 (53-57) 55 (53-62) 63 (54-67) 72 (67-77)
RCP(25°C) 6 71 (68-86) 53 (52-55) 53 (52-55) 62 (60-66) 71 (63-75)
Cardiac output/CPB flow (L/min)
HCA 6 3.5 (3.1-3.6) 2.5 (2.2-3.0) 2.5 (2.4-2.7) 3.5 (3.1-3.5) 3.1 (2.7-3.5)
RCP(15°C) 6 3.5 (3.4-3.7) 2.5 (2.0-2.6) 2.3 (2.0-2.4) 3.5 (3.1-3.8) 3.2 (2.7-3.4)
RCP(25°C) 6 3.2 (2.7-3.6) 2.2 (2.0-2.3) 2.1 (1.8-2.4) 3.4 (3.0-3.7) 2.5 (2.4-2.9)
Values are shown as medians with IQRs. MAP, Mean arterial pressure.
Table II. Blood gases and hematocrit levels in 18 pigs undergoing 40-minute periods of HCA, RCP(15°C), or
RCP(25°C)
After start of rewarming
Baseline End of CPB cooling 
Group n (37°C) (25°C) Stable RCP 30°C 2 h 4 h
Arterial pH
HCA 6 7.47 (7.45-7.48) 7.48 (7.40-7.53) — 7.44 (7.42-7.46) 7.37 (7.34-7.40) 7.44 (7.42-7.45)
RCP(15°C) 6 7.47 (7.45-7.49) 7.46 (7.40-7.52) 7.71 (7.59-7.77) 7.44 (7.43-7.52) 7.33 (7.30-7.39)* 7.43 (7.39-7.46)
RCP(25°C) 6 7.46 (7.45-7.47) 7.47 (7.44-7.49) 7.78 (7.62-7.81) 7.43 (7.39-7.47) 7.37 (7.32-7.38) 7.42 (7.42-7.43)
PaCO2 (kPa)
HCA 6 5.97 (5.86-6.16) 4.92 (4.47-5.54) — 3.98 (3.69-4.05)† 6.17 (5.95-6.53) 6.21 (5.94-6.58)
RCP(15°C) 6 5.84 (5.47-6.09) 5.39 (4.66-5.70) 2.59 (2.36-3.55)† 3.76 (3.18-4.26)‡ 6.51 (6.39-6.58) 6.37 (6.20-6.86)
RCP(25°C) 6 5.91 (5.78-5.95) 4.89 (4.82-5.03) 1.88 (1.36-3.04)† 3.61 (3.32-3.87)† 6.05 (5.97-6.43) 6.33 (6.31-6.43)
Hematocrit level
HCA 6 27.0 (25.3-29.7) 18.4 (17.1-20.0)* — 19.3 (16.5-22.1)* 24.1 (22.5-29.0) 24.2 (23.5-25.3)
RCP(15°C) 6 27.5 (24.4-28.8) 19.4 (18.8-20.6)* 18.0 (16.6-20.0)* 19.3 (17.9-20.3) 24.0 (21.2-25.3) 25.2 (24.1-26.2)
RCP(25°C) 6 28.2 (28.2-33.2) 19.1 (18.8-24.1)† 17.4 (16.0-19.3)* 18.2 (16.8-20.0)* 24.7 (22.4-27.1) 25.9 (24.7-28.5)
Values are shown as medians with IQRs.
*P < .05 compared with baseline.
†P < .001 compared with baseline.
‡P < .0001 compared with baseline.
physiology of cerebral venous circulation among
species used in laboratory investigations.13 The major
question concerns the feasibility to generate effective
RCP beyond competent jugular valves.14 A study per-
formed on monkeys indicated that less than 1% of
blood returned to the aortic arch during RCP, and more
than 90% was shunting to the IVC.11 This was support-
ed by a cadaver study indicating that there are compe-
tent jugular valves in 85% of human beings and that the
valve-free azygos vein system is the major pathway to
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Table III. Metabolic data in 18 pigs undergoing 40-minute periods of HCA, RCP(15°C), or RCP(25°C)
After start of rewarming
Baseline End of CPB cooling 
Group n (37°C) (25°C) 30°C 2 h 4 h
Venous lactate (mmol/L)
HCA 6 0.67 (0.60-0.68) 1.44 (1.30-1.69) 6.21 (5.35-6.46)‡ 3.33 (2.87-3.38)* 1.26 (1.21-1.40)
RCP(15°C) 6 0.87 (0.69-1.09) 1.58 (1.55-1.72) 6.06 (5.90-6.10)‡ 3.39 (3.27-4.10)† 1.23 (1.23-1.55)
RCP(25°C) 6 1.01 (0.95-1.21) 2.14 (1.49-2.23) 6.33 (6.16-6.86)† 4.03 (3.38-4.87)* 1.30 (1.19-1.49)
Venous glucose (mmol/L) 
HCA 6 4.6 (4.4-4.8) 3.9 (3.5-4.3)* 8.8 (8.8-10.2) 5.7 (5.6-6.5)* 5.3 (5.1-6.0)
RCP(15°C) 6 5.1 (5.0-5.1) 5.0 (4.5-6.0) 9.4 (9.3-10.5) 6.3 (5.2-6.4) 5.5 (5.1-5.8)
RCP(25°C) 6 4.8 (4.7-4.8) 4.5 (4.3-5.0) 12.6 (9.0-12.7) 8.0 (5.0-8.8) 6.4 (4.8-6.6)
Values are shown as medians with IQRs.
*P < .05 compared with baseline.
†P < .001 compared with baseline.
‡P < .0001 compared with baseline.
Table IV. Oxygen extraction and consumption during the experiment in 18 pigs undergoing 40-minute periods of
HCA, RCP(15°C), or RCP(25°C)
After start of rewarming
Baseline End of CPB cooling 
Group n (37°C) (25°) Stable RCP 30°C 2 h 4 h
Oxygen extraction 
(mL/dL)
HCA 6 2.5 (2.5-2.9) 1.5 (1.4-2.5) — 3.7 (3.5-3.7) 2.7 (2.6-2.9) 3.3 (3.1-4.2)
RCP(15°C) 6 2.5 (2.2-2.9) 2.1 (1.6-2.3) 8.4 (7.8-8.4)‡ 3.8 (3.6-4.6) 2.9 (2.8-3.1) 3.6 (3.1-3.7)
RCP(25°C) 6 3.0 (2.9-3.0) 2.6 (2.6-3.2) 7.7 (7.6-9.1)* 4.1 (3.2-4.6) 2.8 (2.7-2.9) 3.4 (3.2-3.5)
Oxygen consumption 
(mL/min)
HCA 6 96.1 (90.3-105.0) 56.0 (49.0-58.8) — 88.9 (81.2-126.4) 93.4 (86.5-105.7) 111.7 (108.2-114.1)
RCP(15°C) 6 87.0 (85.3-93.1) 44.4 (41.6-47.8) 9.2 (8.6-10.9)* 91.6 (87.4-92.8) 96.0 (90.8-118.7) 110.9 (97.2-120.3)
RCP(25°C) 6 90.0 (88.3-106.8) 60.0 (52.0-79.2) 6.2 (6.1-10.4)* 91.4 (82.8-94.9) 99.0 (97.4-100.2) 102.4 (84.0-102.6)
Values are shown as medians with IQRs.
*P < .05 compared with baseline.
†P < .001 compared with baseline.
‡P < .0001 compared with baseline.
Table V. SVC inflow, blood return, and sequestration volume during RCP
Return blood flow (mL/min)
SVC inflow Ascending Right Blood sequestration 
Group n (mL/min) aorta atrium (mL)
RCP(15°C) 6 125 (110-140) 7 (5-14) 113 (80-120) 250 (200-290)
RCP(25°C) 6 100 (80-120) 5(4-8) 85 (76-102) 245 (100-300
Values are shown as medians with IQRs.
the central nervous system.15 In pigs, competent jugu-
lar vein valves are rare, and therefore this model is fre-
quently used in RCP studies. We did not look at jugu-
lar veins in postmortem examinations, but as seen in
Table V, all animals undergoing RCP had a uniform
flow pattern.
The implementation of RCP is shown to be a two-
edged sword. In the laboratory with this chronic
porcine model, effective RCP seems to require rela-
tively high perfusion pressures obtainable only through
pressurization of the entire venous system.8,9 By this
means, effective retrograde flow can be generated, and
significant removal of emboli can be achieved.8
However, clamping of the IVC increases the risk of
perfusion-induced cerebral injury, which most likely is
a consequence of the development of cerebral
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Fig 2. Daily scores indicating behavioral recovery after interventions. A score of 8 or 9 indicates essentially com-
plete recovery, lower scores indicate substantial impairment, and 0 indicates coma or death. Behavioral scores
starting on day 4 after operations on the surviving animals showed a significant difference between the groups.
RCP(15°C) vs HCA, P < .05; RCP(15°C) vs RCP(25°C), P < .05.
Table VI. Histopathologic scores in different regions of the brain and survival after 40-minute periods of HCA,
RCP(15°C), or RCP(25°C) in 18 pigs
Posterior 
Protocol Pig No. Survival (d) Cortex Thalamus Hippocampus brain stem Cerebellum Total score
HCA 1 7 0 2 1 2 0 5
2 7 2 3 1 2 2 10
3 3 2 2 0 2 0 6
4 2 1 2 0 2 2 7
5 7 2 2 2 2 2 10
6 1 2 0 0 0 1 3
RCP(25°C) 1 7 3 0 0 2 1 6
2 1 2 2 0 0 1 5
3 7 3 0 2 2 2 9
4 1 2 0 2 2 2 8
5 1 1 2 2 2 1 8
6 7 3 0 0 2 1 6
RCP(15°C) 1 7 1 2 1 2 1 7
2 1 2 2 0 2 1 7
3 7 2 2 0 0 0 4
4 7 1 0 0 2 1 4
5 7 2 2 0 2 0 6
6 1 0 0 1 0 0 1
0, No morphologic damage; 1, edema, occasional dark neurons, or both; 2, numerous dark neurons and eosinophilic or dark-shrunk cerebellar Purkinje cells or hem-
orrhages; 3, clearly infarctive foci.
edema.8,9 Improved outcome after treating cerebral
edema with aggressive pharmacologic intervention has
been demonstrated.10,16,17 The retrograde flow, even in
the presence of deep hypothermia, is far too small to
meet the metabolic demand of the brain.13 It is possible,
however, that the trickle flow supplied by RCP may
allow removal of some metabolites and delay the devel-
opment of severe acidosis of the ischemic brain.
We selected systemic temperature of 25°C at which
intervention was performed because one demand
addressed for RCP in the clinical setting is to shorten
CPB time and thereby to avoid subsequent problems,
such as bleeding complications. At this temperature,
the cerebral metabolism rate of oxygen is shown to
remain both in pigs and human subjects at approxi-
mately 40% of baseline, and the predicted safe interval
of circulatory arrest is 15 minutes.18,19 The poor out-
come data in HCA animals seen in the present study
indicated that the temperature and the length of inter-
vention were appropriate.
The effect of cold and moderately cooled RCP was
previously studied by using an acute dog model.20 The
number of abnormal hippocampal neurons after 2
hours of ischemia was significantly lower in 10°C RCP
compared with moderately cooled RCP. As in the pres-
ent study, no significant difference between HCA and
cold RCP was seen. The present studies shed more
light for these observations, and it seems especially
important to remember that laboratory studies, which
do not include some reliable measures of neurologic
outcome, must be interpreted with caution.
The present EEG data are in line with the previous
findings, suggesting that RCP-related cerebral injury
occurs most likely during the reperfusion phase.8,9
Almost complete recovery of brain stem–evoked
responses were seen immediately after the beginning of
rewarming in animals that had undergone RCP, but this
activity disappeared shortly afterward.8 We were able
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Fig 3. Total histopathologic scores of 18 pigs undergoing 40-
minute periods of HCA, RCP(25°C), or RCP(15°C). The
scores in the RCP(15°C) group were significantly lower than
those found in the RCP(25°C) group (P = .04).
Fig 4. Epidural temperatures recorded at the end of 40-
minute periods of HCA, RCP(25°C), or RCP(15°C) were
found to be correlated with histopathologic scores (τ = 0.27,
P = .07). Individual scores are shown with linear regression
and 95% confidence interval lines.
Fig 5. Medians with IQRs for total EEG burst ratios (relative
to baseline) of 18 pigs undergoing 40-minute periods of
HCA, RCP(25°C), or RCP(15°C). EEG bursts were recov-
ered significantly better in the RCP(15°C) group at the time
point 3 hours after the start of rewarming compared with
HCA group (P = .05).
to repeat the EEG recovery pattern seen in our previous
study.12 As shown in Fig 5, EEG activity after cold
RCP recovered faster compared with that found in both
of the two groups, with the difference being highest 3
hours after the start of rewarming. After that time point,
however, a striking drawback was seen in animals who
had undergone cold RCP, a finding emphasizing the
previously set hypothesis that RCP exposes the brain
for reperfusion injury.13 We believe that this phenome-
non is most likely related to the development of brain
edema after RCP, as documented also by other investi-
gators.10,16,17
In conclusion, this study showed that the cold RCP at
moderate systemic hypothermia seems to provide better
neurologic outcome compared with moderate-tempera-
ture RCP, a finding suggesting that the enhanced cranial
hypothermia is the major beneficial factor of RCP when
careful attention is paid on its implementation.
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